30 and 50S ribosomal subunits, released from polysomes upon polypeptide chain termination, possess a high affinity for each other and readily form single ribosomes. Highly purified initiation factor F3(B), acting stoichiometrically, prevents the formation of single ribosomes without promoting their dissociation. These findings are interpreted in terms of a ribosome cycle in which a limiting amount of factor F3(B) controls the number of ribosomes active in protein synthesis, in response to metabolic changes in the cell, by regulating the flow of ribosomal subunits into polysomes or into a sidetrack pool of synthetically inactive single ribosomes. The reported apparent ribosome dissociation activity of F3(B) is explained.
In a cell, ribosomes occur in different functional states: ribosomes actively engaged in protein synthesis (present in polysomes), large and small ribosomal subunits, and single ribosomes. Single ribosomes, in contrast to monosomes, do not carry messenger RNA or growing polypeptide chains and are not participating in protein synthesis. Both in proand eukaryotic cells, translating ribosomes frequently undergo exchange of their two subunits, apparently by dissociation after each passage over messenger RNA and reformation from a pool of ribosomal subunits that continuously recycle through polysomes (1) (2) (3) (4) (5) . By contrast, single ribosomes, at least in mammalian cells, are not in rapid equilibrium with polysomes or ribosomal subunits (6) (7) (8) (9) .
When the over-all rate of protein synthesis decreases, single ribosomes accumulate at the expense of polysomes, while the size of the ribosomal subunit pool remains essentially unchanged (6, 8, 10, 11) . The accumulation of single ribosomes was first interpreted as evidence that they are released from polysomes on polypeptide chain termination, and thus are obligatory intermediates of the ribosome cycle intervening between polysomes and the ribosomal subunit pool (11) (12) (13) (14) . Accordingly, the dissociation of single ribosomes would be required for protein synthesis to proceed. One of the three known initiation factors for protein synthesis found associated with 30S ribosomal subunits (15) , F3(B)* (16) (17) (18) (19) , also appears to dissociate single ribosomes under defined conditions in vitro (18) (19) (20) (21) , and was postulated to mediate the dissociation step (20, 21) .
Recently, however, evidence was presented that ribosomes dissociate directly into subunits upon termination of protein synthesis, and that single ribosomes are formed by association of subunits present in the pool (22) . Protein synthesis in Escherichia coli extracts diluted sufficiently to prevent the reformation of ribosomes from subunits results in the conversion of polysomes to ribosomal subunits, not single ribosomes, even though single ribosomes do not noticeably dissociate under these conditions. When protein synthesis is allowed to occur in a more concentrated mixture of isotopically heavy and excess light cell extracts, single ribosomes accumulate; those originating from fully heavy polysomes are entirely of hybrid density. Similarly, ribosomal subunits enter single ribosomes accumulating in mammalian cell extracts (23) . Moreover, during cell-free protein synthesis, bacterial (22) or mammalian (23, 24) single ribosomes fail to equilibrate rapidly with ribosomal subunits. These studies have led to the proposal (22) that single ribosomes are not obligatory intermediates of the ribosome cycle, but are sidetrack products formed from subunits only when protein synthesis slows down. When the rate of protein synthesis increases again, this storage pool of synthetically inactive ribosomes is mobilized and returned to subunits. This model provides the cell with a means of regulating the size of its active ribosome pool. The molecular basis for such control is the subject of this paper.
It is shown that 30 and 50S ribosomal subunits newly released from polysomes possess an extremely high affinity for each other, and under suboptimal conditions of protein synthesis virtually quantitatively form single ribosomes. Highly purified initiation factor F3(B), acting stoichiometrically, prevents the formation of single ribosomes but does not cause their dissociation. These findings suggest a mechanism by which factor F3(B) controls the flow of material through the ribosome cycle and thereby, the size of the active ribosomal pool, in response to physiological changes.
Formation of single ribosomes from subunits
A typical sedimentation distribution of a '2P-labeled polysome extract from E. coli growing exponentially at 37°C is shown in Fig. 1 (open circles) . To 20 min (Fig. 1, filled circles) , large amounts of single ribosomes and of 30S ribosomal subunits had accumulated at the expense of polysomes and disomes. By contrast, the level of 50S subunits did not increase at all.
This remarkable asymmetry in the accumulation of ribosomal subunits is readily understood if 30 and 50S subunits were generated from polysomes upon termination of polypeptide synthesis and, under the conditions of the experiment, combined to form single ribosomes. Due to the large excess of unlabeled 30S ribosomal subunits furnished by the S-100 extract, all labeled 50S subunits, but only few labeled 30S subunits, were converted to single ribosomes. This result does not fit with the concept that single ribosomes were first released from polysomes upon chain termination, for their subsequent dissociation should have yielded 30 and 50S subunits in equal numbers. To explain the asymmetry in that case, one would have to postulate a rapid equilibrium existing between single ribosomes and subunits, a notion inconsistent with the finding that under conditions of protein synthesis as in Fig. 1 , but without added ribosomal subunits, diluted polysomes are converted to ribosomal subunits, yet even more diluted single ribosomes fail to dissociate appreciably (22) . Thus, the equilibrium between single ribosomes and subunits appears to be notably slow. The experiment of Fig. 1 gives further support to the concept that single ribosomes originate from 30 and 50S ribosomal subunits released from polysomes on chain termination, and demonstrates the extremely high affinity of such subunits.
Factor F3(B) prevents single ribosome accumulation A 32P-labeled polysome extract from rapidly growing cells was incubated under conditions of protein synthesis in the presence of an S-100 extract containing substantial amounts of 30S ribosomal subunits and somewhat fewer 50S subunits. Included in the incubation mixture were 3H-labeled 50 or 30S ribosomal subunits that were generated during protein synthesis in a dilute 3H-labeled polysome extract (22) and separated by velocity sedimentation.
When sparsomycin is added at time zero to prevent protein synthesis, and the mixture is sedimented through a sucrose gradient supported by a dense sucrose cushion, as in Fig. 1 subunits in the S-100 extract, and is mirrored in the 32p distributions.
Since single ribosomes do not participate in protein synthesis (14, 10) , it might be expected that their formation from ribosomal subunits is subject to regulation. Evidence for a control mechanism was first provided by our observation that the protein fraction removed from ribosomes by treatment with 1 M NH4Cl prevented the association of ribosomal subunits released from polysomes. The finding that neither purified initiation factor F1(A) nor F2(C) exhibited this activity suggested that factor F3(B), or yet another protein, might be responsible. As seen in Figs. 2C and F, highly purified initiation factor F3(B) (18, 19) indeed is a powerful inhibitor of single ribosome accumulation: its presence in the reaction mixture leads to the appearance of large amounts of 32P-labeled 50 and 30S ribosomal subunits instead of single ribosomes, while few, if any, 3H-labeled subunits are converted to single ribosomes.
The inhibitory activity of initiation factor F3(B) on single ribosome accumulation can be interpreted in two ways.
Either the factor acts to prevent the formation of single ribosomes from 30 and 50S subunits after their release from polysomes, or else it acts to dissociate single ribosomes into subunits. Evidence in support of the former interpretation is presented below. Previously isolated 3H-labeled 50S subunits (0), generated from polysomes in a dilute extract (22) , were present in samples A, B, and C; similarly prepared 3H-labeled 30S subunits (0) ware present in D, E, and F. Incubation was for 0 min, with 0.1 mM sparsomycin added (A, D); for 15 min (B, E); and for 15 min in the presence of 3.0,g of initiation factor F3(B) (C, F). The factor, generously provided by Albert Wahba, was purified as described (18, 19) and concentrated by (NH4)2SO4 precipitation; it was stored at 00C in 0.5 M PTS (0.5 M phosphoric acid neutralized with Tris to pH 7.8, 10% sucrose) and diluted just before use. The factor was free of F1 (A) and F2(C) activities; its specific activity was 258 nmol [14C]lysine incorporated per mg of protein in a standard assay with R17 RNA (18) . Samples A, B, D, and E received diluted PTS only. All samples were 12.4 mM in Mg2 + and 5.9 mM in phosphate. They were analyzed as in Fig. 1 (Fig. 3D ). Yet, even at this high factor concentration, there is a significant residual conversion of 50S subunits to single ribosomes. Since the amount of F3(B) used in Fig. 3C corresponds to 2.3 molecules per 30S subunit, our results indicate that in preventing single ribosome formation, the factor acts in stoichiometric rather than catalytic fashion. This property of F3(B) has already been noted for what was taken to be its dissociation factor activity (20) . Compared to assays of the latter activity, the amount of F3(B) used in Fig. 3D per single ribosome was more than 400-fold higher, and per 30S subunit (both free and contained in single ribosomes) was more than three-fold higher.
The single ribosomes used in Fig. 3 were not selected for an inability to undergo dissociation. Their yield, generated during protein synthesis in a concentrated polysome extract (22) , exceeded that of ribosomal subunits more than sixfold. Their specific sensitivity to dissociation by RNase (22) and their sedimentation behavior are typical of intact single ribosomes. Furthermore, when incubated with F3(B) in 4 mM Mg2+ buffer (20) , these ribosomes were converted into subunits.
The experiment of Fig. 3 demonstrates directly that initiation factor F3(B) prevents the formation of single ribosomes without causing their dissociation. As we shall show elsewhere, neither factor Fl(A) nor F2(C) possess this activity.
The apparent dissociation activity of F3(B)
The apparent ribosome dissociation activity of factor F3(B) (13, 20) can be explained in terms of the results just presented. The dissociation effect is seen only at Mg2+ ion concentrations below 5 mM, becoming remarkably inefficient at concentrations optimal for in vitro protein synthesis with natural Previously isolated 32P-labeled 50S ribosomal subunits, generated during protein synthesis in a dilute E. coli D10 polysome extract (22) , were incubated, for the times indicated, in a standard reaction mixture for protein synthesis (3) with an S-100 extract containing 0.4 A260 30S subunits and 0.1 A260 50S subunits. Included during incubation was 0.01 A260 of previously isolated 3H-labeled single ribosomes (S), containing some contaminating monosomes (M), that had been generated during protein synthesis in a concentrated polysome extract (22) . Purified factor F3(B) (see Fig. 2 ) was added as shown.
Each sample was 12.4 mM in Mg2+ and 7.3 mM in phosphate. The samples were centrifuged for 4.4 hr at 41,000 rpm through 12.5-ml 12.5-19.6% isokinetic sucrose gradients (1) in buffer A (see Fig. 1 ).
messenger RNA (5 mM Mg2+) (13, 20) . A well-established property of single ribosomes is their dependence on Mg2+ ions for stability, progressive dissociation into 30 and 50S subunits occurring as this concentration decreases below 5 mM (25) . Under these conditions in vitro, an equilibrium is established between ribosomes and ribosomal subunits, the association rate being increased by Mg2+ ions and polyamines and the dissociation rate being decreased in the presence of these agents (25, 26) . Clearly, the apparent dissociation effect of factor F3(B) depends on sufficiently low concentrations of Mg2+ to enhance the spontaneous dissociation rate. By intercepting 30S ribosomal subunits generated by spontaneous dissociation, the factor prevents their association with 50S subunits and thus acts to shift the equilibrium in favor of the subunit state.
The high affinity of newly released ribosomal subunits Isolated single ribosomes and ribosomal subunits equilibrate rapidly at low Mg2+ ion concentrations (R. Zitomer, and J. Flakst, personal communication (27, 28) . Although in vivo the accumulation of single ribosomes is reversible in that these particles can re-enter polysomes during increasing rates of protein synthesis (6, 10) , single ribosomes equilibrate only very slowly with subunits and ribosomes active in protein synthesis (6) (7) (8) (9) .
Regulation of the active ribosome pool size by factor F3(B)
Our finding that factor F3(B) is a potent inhibitor of single ribosome formation provides a strong clue that it acts to regulate the flow of subunits in the ribosome cycle. Two other properties of F3(B) point to a regulatory function. First, as shown in Fig. 3 , in preventing single ribosome formation the factor acts in stoichiometric rather than catalytic fashion. Second, from the molecular weight and amount per cell of F3(B) (19) , it may be calculated (20) (Figs. 2A, D) , single ribosomes are not present in polysome extracts from rapidly growing cells.
The present results permit the formulation of a simple model for the ribosome cycle and its metabolic regulation. Upon termination of polypeptide synthesis, ribosomes dissociate into their two subunits. During rapid protein synthesis, each 30S subunit immediately combines with probably one molecule of factor F3(B), and thus is activated to form a new initiation complex. Upon initiation of polypeptide synthesis or shortly thereafter, the molecule of F3(B) is released and recycled. As long as the number of 30S ribosomal subunits leaving polysomes equals the number of F3(B) molecules, present in limiting amount, single ribosomes remain absent. When the over-all rate of protein synthesis decreases, however, the number of subunits released from polysomes will increasingly exceed the number of subunits re-entering polysomes, leading to a progressive accumulation of ribosomal subunits, while a decreasing number of initiation events prevents recycling of F3(B) among 30S subunits. As we have shown, these conditions overwhelmingly favor the formation of single ribosomes at the expense of ribosomal subunits. Those 30S subunits for which an F3(B) molecule is not available associate with 50S subunits to form single ribosomes that do not participate in protein synthesis. This process continues until the number of recycling 30S subunits again equals the number of F3(B) molecules in the cell. The net effect of this process is to reduce the number of ribosomes active in protein synthesis.
When the rate of protein synthesis increases again, initially more ribosomal subunits will enter polysomes than leave them, thus freeing a small number of F3(B) molecules to intercept any 30S subunits generated by dissociation of single ribosomes. Although slow, this dissociation now exceeds in rate the association of subunits, which remains near zero as long as the number of F3(B) molecules is no less than the number of 30S subunits. In this way, single ribosomes are returned to the active pool of ribosomes.
The near constancy of the size of the ribosomal subunit pool, in the face of extreme variations in the amount of polysomes and, inversely, of single ribosomes, can thus be readily understood. The observed constancy suggests, furthermore, that the number of F3(B) molecules per ribosome must remain nearly constant during sudden changes in the rate of protein synthesis.
The present results leave open the mechanism by which single ribosomes return to subunits. Their dissociation could simply occur spontaneously as part of a slow equilibrium with subunits in the cell, or it could be caused by a dissociation factor yet to be described. This mechanism for controlling the active ribosomal pool size, if it is general, may well be more important for metazoan cells than for bacteria. Microorganisms generally grow at maximal rates; such cells can rapidly respond to deteriorating environmental conditions by decreasing the rate of ribosome synthesis and diluting the existing number of ribosomes by an increase in cell mass. Thus, in bacteria the accumulation of single ribosomes presumably is only transitory. Many metazoan cell species, however, divide rarely, if at all, while fluctuations in metabolic rates may occur frequently, due to changes in cell activity or in the availability of nutrients. The temporary storage of a finely controlled number of ribosomes in an inactive state provides such cells with a ready mechanism for the adaptation of their protein synthetic capacity to physiological changes.
